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ABSTRACT

Dwarf barred galaxies are the perfect candidates for hosting slowly rotating bars. They are common in dense environments
and have a relatively shallow potential well, making them prone to heating by interactions. When an interaction induces bar
formation, the bar should rotate slowly. They reside in massive and centrally concentrated dark matter haloes, which slow down
the bar rotation through dynamical friction. While predictions suggest that slow bars should be common, measurements of
bar pattern speed, using the Tremaine—Weinberg method, show that bars are mostly fast in the local Universe. We present a
photometric and kinematic characterization of bars hosted by two dwarf galaxies in the Virgo Cluster, NGC 4483, and NGC
4516. We derive the bar length and strength using the Next Generation Virgo Survey imaging and the circular velocity, bar pattern
speed, and rotation rate using spectroscopy from the Multi-Unit Spectroscopic Explorer. Including the previously studied galaxy
IC 3167, we compare the bar properties of the three dwarf galaxies with those of their massive counterparts from literature. Bars
in the dwarf galaxies are shorter and weaker, and rotate slightly slower with respect to those in massive galaxies. This could be
due to a different bar formation mechanism and/or to a large dark matter fraction in the centre of dwarf galaxies. We show that
it is possible to push the application of the Tremaine—Weinberg method to the galaxy low-mass regime.

Key words: galaxies: clusters: individual: Virgo — galaxies: dwarf — galaxies: evolution — galaxies: formation — galaxies: kine-
matics and dynamics.

1 INTRODUCTION

Stellar bars are hosted in about 70 per cent of nearby massive disc
galaxies (Buta et al. 2015; Diaz-Garcia, Salo & Laurikainen 2016;
Erwin 2018), including the Milky Way (Bland-Hawthorn & Gerhard
2016). Stars in a bar follow elongated orbits aligned with the bar
major axis, while the bar rotates as a coherent structure around
the galaxy centre with a fixed angular frequency, namely the bar
pattern speed, Q- (e.g. Binney & Tremaine 2008; Cuomo et al.
2020). The rotation of the bar drives the redistribution of mass and
angular momentum in the disc. Therefore, both the morphology and

* E-mail: virginia.cuomo@uda.cl

dynamics of a barred galaxy depend on 2y, (e.g. Athanassoula 2003;
Petersen, Weinberg & Katz 2019).

The bar pattern speeed 2, is usually parametrized by the bar
rotation rate, R = Rco/Ruar, the distance-independent ratio between
the corotation radius, R.o, and bar length, Ry,, which marks the
extension of the stellar orbits supporting the bar. The corotation
radius is linked to Qupar, since Reor = Viire/Sbar, Where Vi is
the circular velocity of the galaxy. Bars are classified as fast if
1.0 <R < 1.4 (i.e. when they extend out to R, and rotate as fast as
possible), and as slow if R > 1.4 (i.e. when they fall short of R, and
have a slower rotation; Athanassoula 1992; Debattista & Sellwood
2000). Self-consistent bars cannot extend beyond the corotation
radius, due to elliptical periodic orbits being unstable in those regions
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(Contopoulos & Papayannopoulos 1980). Therefore, R is expected
to be >1.0.

Analytical work (Weinberg 1985) and numerical simulations
(Debattista & Sellwood 1998; Athanassoula, Machado & Rodionov
2013) show that during galaxy evolution, a bar is slowed through the
exchange of angular momentum with the other galaxy components,
while the bar length and strength, Sy, (i.e. the contribution of the
bar to the galaxy potential), tend to increase. This is particularly
true when a massive and centrally concentrated dark matter (DM)
halo is present, since it means that more mass is available to
absorb angular momentum near the resonances resulting in strong
dynamical friction. Debattista & Sellwood (2000) put constraints
on the DM distribution in the inner regions of barred galaxies
and argued that galaxies hosting fast bars should be embedded in
DM haloes with a low central density, contrary to the predictions
of cosmologically motivated simulations (e.g. Navarro, Frenk &
White 1996). On the other hand, simulated bars induced by tidal
interactions are born slow and stay slow for a long time during
their evolution (Martinez-Valpuesta et al. 2017). The efficiency
of their formation depends on the orbital configuration of the
encounter (Lokas 2018) and on the properties of the galaxies
involved (Gajda, Lokas & Athanassoula 2018). In fact, the formation
and evolution of a barred galaxy is a multiparameter problem
(Athanassoula 2003; Athanassoula, Machado & Rodionov 2013).
Therefore, the characterization of the bar properties, and in par-
ticular the measurement of R, is desirable both to investigate
the secular evolution of barred galaxies and to test whether the
measured DM distribution matches the predictions of cold DM
cosmology.

The Tremaine—Weinberg method (Tremaine & Weinberg 1984,
hereafter TW) is a model-independent way to measure Q. It
requires knowing the surface luminosity density and line-of-sight
(LOS) velocity distribution of a tracer satisfying the continuity
equation (see Borodina et al. 2023).

This technique has been largely applied to galaxies in the local
Universe and compared to gas based methods, finding similar results
(see e.g. Rautiainen, Salo & Laurikainen 2008; Beckman et al.
2018). Indeed, >300 galaxies have been analysed so far with the
TW method, using both long-slit spectroscopy (Corsini 2011), and
integral-field spectroscopy (IFS) from both dedicated observations
(Debattista & Williams 2004; Cuomo et al. 2019a; Buttitta et al.
2022) and publicly available data from large surveys (Aguerri et al.
2015; Guo et al. 2019; Cuomo et al. 2019b; Williams et al. 2021;
Géron et al. 2023). Neglecting cases with large uncertainties and bars
within the unstable regime (R < 1.0), nearly all the analysed bars
are consistent with being fast: their host galaxies are not dominated
by DM in the central regions and the formation of their bars is not
driven by galaxy interactions.

Dwarf galaxies are commonly thought to host a massive and
centrally concentrated DM halo (C6té, Carignan & Sancisi 1991),
which may cause strong dynamical friction capable of slowing down
the bar. Dwarf galaxies have small sizes (with effective radii <2 kpc,
e.g. Eigenthaler et al. 2018) and low-stellar masses (< 10° Mg, e.g.
Eigenthaler et al. 2018; Michea et al. 2021). They are the dominant
galaxy population in clusters and groups (Binney & Tremaine 1987;
Gehaetal. 2012), and present various kinematical and morphological
characteristics, a wide range in rotation, and hidden disc features,
such as bars and spiral structures (Lisker, Grebel & Binggeli 2006;
Rys, Falcon-Barroso & van de Ven 2013; Michea et al. 2021). In
the Virgo Cluster, bars and lenses are hosted in about half of the
dwarf galaxies with disc features (Janz et al. 2014). These findings
have resulted in the definition of the class of disc dwarf galaxies.

Bars in cluster dwarf galaxies 11219

Their wide range in properties remains not completely understood
but it has to be linked to the mechanisms involved in their formation
and/or to environmental factors (Lisker et al. 2013). Simulations
suggest that the formation of bars in dwarf galaxies is triggered
by the cluster tidal field only near the cluster core (Mastropietro
et al. 2005; Lokas et al. 2014). But, dwarf galaxies are intrinsically
unstable to bar formation even without external forces, so they can be
found everywhere in the cluster (Barazza, Binggeli & Jerjen 2002;
Kwak et al. 2017). However, dwarf barred galaxies with stellar mass
< 10° M, seems to be rarer than in the field, probably due to the
fact that interactions in dense environments tend to heat the discs
and suppress the bar instability (Méndez-Abreu, Sanchez-Janssen &
Aguerri 2010; Méndez-Abreu et al. 2012).

To date, we know 2y, and R for only two dwarf barred galaxies.
The first one is NGC 4431, which hosts a fast bar, albeit with a
large uncertainty, due to limitations of long-slit spectroscopy used
to apply the TW method (AR/R > 1.3; Corsini et al. 2007). The
second one is IC 3167, recently analysed with IFS by Cuomo et al.
(2022), which hosts a slow lopsided bar. The peculiar shape of the bar
together with its recovered dynamical properties suggest it could be
formed through the interaction of the galaxy with the Virgo Cluster,
into which it is falling.

Here, we present the characterization of the bars of NGC 4483
and NGC 4516, two dwarf barred galaxies in the Virgo Cluster. In
particular, we derive Ry, and Sy, using deep photometry from the
Next Generation Virgo Survey (NGVS; Ferrarese et al. 2012) and
Qpar from integral-field spectroscopy performed with the Multi-Unit
Spectroscopic Explorer (MUSE; Bacon et al. 2010) of the European
Southern Observatory. Including the results for IC 3167 from Cuomo
etal. (2022), we discuss the bar properties of the three dwarf galaxies
and compare them with those of their more massive counterparts.

We structure the paper as follows. We present the properties
of NGC 4483 and NGC 4516 in Section 2. We show the broad-
band imaging and photometric properties of the bars in Section 3,
and the integral-field spectroscopy and kinematic and dynamical
properties of the bars in Section 4. We analyse the bar properties and
compare them to those of bars in more massive galaxies in Section 5.
We discuss our findings in Section 6 and report our conclusions
in Section 7. Throughout the paper, we adopt as cosmological
parameters ©,, = 0.286, 2, = 0.714, and Hy = 69.3 km s~! Mpc~!
(Hinshaw et al. 2013).

2 PROPERTIES OF NGC 4483 AND NGC 4516

We analyse two dwarf barred galaxies located in the Virgo Cluster
(Binggeli, Sandage & Tammann 1985; Kim et al. 2014), for which
we obtained IFS data with MUSE (Prog. Id.: 0106.B-0158(A), P.L.:
V. Cuomo). Deep optical images of these galaxies have been obtained
in the u, g, i and z filters as part of the NGVS.

Fig.1 shows the NGVS i-band images of the sample, with super-
imposed square footprint of the three MUSE pointings needed to
cover the extension of the discs, while Table 1 reports the properties
of the two galaxies analysed here and those of IC 3167. NGC 4483
and NGC 4516 are located at different distances within the Virgo
Cluster (Fig. 2) but both are in the central virialized region of the
cluster. On the contrary, IC 3167 is located in the in-falling region,
as discussed by Bidaran et al. (2020).

NGC 4483 is an SBO galaxy, with a stellar mass of M, = 7.5 x
10° Mg (Roediger et al. 2017), is located at an angular distance
of 3.3° from M 87 (Kashibadze, Karachentsev & Karachentseva
2020). It lives in the virial core of the Virgo Cluster. It is in an

intermediate-density environment (X5 = 0.45 Mpcfz; see also De
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Figure 1. NGVS i-band images of the sample galaxies. The contours mark some of the isophotes and the corresponding surface brightness levels are reported
on the colourbar (orizontal ticks). The solid and dashed squares show the field of view of the MUSE pointings.

Table 1. Properties of the sample of galaxies.

Galaxy Alt. name NGVS name Morph. type m i M, ; Rsg M, X5
(mag) (mag) (arcsec) (10° Mp) (Mpc_z)
(1 2 3) @) ) ©) @] ) )]
NGC 44383 VCC1303 NGVSJ12:30:40.64 + 09:00:56.4 SBO 12.07,11.68  —19.01, —19.41 14.2 7.5 0.45
NGC 4516 VCC1479 NGVSJ12:33:07.54 + 14:34:29.9 SBa 12.54,12.07 —18.54, —19.01 23.6 5.7 0.15
IC 3167 VCC407 NGVSJ12:20:18.77 + 09:32:43.2 SBO 14.00,13.48  —17.09, —17.61 11.8 1.2 >2.0

Notes. (1) Galaxy name. (2) Alternative name from the Virgo Cluster Catalogue (VCC, Binggeli, Sandage & Tammann 1985). (3) NGVS reference name. (4)
Morphological type from the Extended Virgo Cluster Catalogue (EVCC; Kim et al. 2014). (5) Apparent r-band magnitude from EVCC and based on Sloan
Digital Sky Survey (SDSS, Abolfathi et al. 2018) images and apparent i-band magnitude from NGVS (Ferrarese et al. 2020), respectively. (6) Total absolute
r- and i-band magnitudes, assuming a distance of 16.5 Mpc, as done by Roediger et al. (2017) for all the galaxies included in the NGVS. (7) Half-light i-band
radius from NGVS for NGC 4483 and NGC 4516 and from SDSS for IC 3167. (8) Stellar mass from NGVS, measured via modelling the galaxy spectral energy
distribution (SED), following Roediger et al. (2017) with NGVS data. (9) Projected galaxy surface density, £5 =5 /(zrdsz), where ds is the projected distance
of the fifth nearest neighbour galaxy in Mpc. The neighbour galaxies were chosen from the SDSS to have a luminosity M, < —18 mag and a radial velocity
difference of <1000 km s~! with respect to the reference galaxy, as done by Balogh et al. (2004).

Bortoli et al. 2022) and its closest bright galaxy is IC 3430, located
at a projected distance of 0.6 Mpc. NGC 4483 hosts a bar with
an ansae morphology, associated with a barlens (Buta 2019), and a
nuclear stellar disc (Ledo et al. 2010). It possibly hosts a boxy/peanut
(BP)-shaped bulge (Bureau & Freeman 1999).

NGC 4516 is an SBa galaxy (with M, = 5.7 x 10° Mg; Roediger
et al. 2017), located in the virial core of the Virgo Cluster at an
angular distance of 2.3° from M 87 (Kashibadze, Karachentsev &
Karachentseva 2020). It lives in a low-density environment (X5 =
0.15 Mpc2) and its closest bright galaxy is IC 3478, located at a
projected distance of 2.1 Mpc. NGC 4516 clearly shows an X-shaped
structure in the central region, which is associated with a BP bulge,
and S-shaped spiral arms, which emerge from the ends of the bar
(Buta 2019).

The three dwarf galaxies included in our sample are lenticular
or early-type spiral galaxies. Early-type dwarf galaxies are quite
common in dense environments, such as the central region of the
Virgo Cluster (e.g. Lisker et al. 2009), and their morphological
properties make them well-suited for the application of the TW
method (Corsini 2011).

MNRAS 527, 11218-11232 (2024)

3 BROAD-BAND IMAGES

3.1 Images acquisition and reduction

We use the i- and g-band images of the two galaxies taken from
the NGVS, a deep and comprehensive optical imaging survey of the
Virgo Cluster (Ferrarese et al. 2012), performed with the MegaCam
instrument on the Canada—France-Hawaii Telescope (CFHT), reach-
ing a surface brightness limit of 4; ~ 27.4 (1, ~ 29.0) mag arcsec™2,
and with a pixel scale of 0.187 arcsec pixel~!. The images are scaled
to a photometric zero point of 30.0, such that AB magnitudes are
given by m(AB) = 2.5 x log (DN) + 30.0, where DN is the number
of counts measured in the frame. Further details can be found in
Ferrarese et al. (2012).

3.2 Isophotal analysis

We perform the isophotal analysis of the sky-subtracted images of
the sample using the IRAF task ELLIPSE on the i-band images. We
fix the centre of the isophotes after checking that it does not vary
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Figure 2. Location of NGC 4483 and NGC 4516 from the NGVS and of IC
3167 from Cuomo et al. (2022) within the Virgo Cluster. The different Virgo
Cluster substructures are marked (Boselli et al. 2018).

within the uncertainties. The method measures the deviation of the
isophotes from a perfect ellipse using a Fourier series.

We derive the radial profiles of the azimuthally averaged surface
brightness, u;, ellipticity, €, position angle, PA, centre coordinates,
and Fourier components up to the radius at which the error on the
surface brightness as derived from the ellipse fitting is comparable to
the 1o error associated to the sky level. Then, we run the ellipse fitting
on the g-band images adopting the same geometrical properties of
the ellipses defined for the i band (semimajor axis, €, PA, and centre
coordinates), and build the g —i colour profile. Features and changes
along the colour profile may mark the transition between the regions
dominated by different structural components (i.e. the bulge, bar, and
disc; Peters & Kuzio de Naray 2018).

Fig. 3 shows the radial profiles of ui, g—i, €, PA, and deviations
from ellipses A3, Bj, A4, and B, for the target galaxies. The
photometric radial profiles derived here are in agreement with the
results of the photometric analysis performed by Ferrarese et al.
(2012, 2020).

The radial profile of € in an unbarred galaxy usually rises going
from the central to the outer regions and flattens in the disc region.
Barred galaxies usually show a similar behaviour at large radii,
whereas in the inner regions the profile of € presents a local peak
and a sudden decrease in the region of the disc. In turn, the radial
profile of PA in a barred galaxy is constant in the bar and disc
regions, with generally two different values. The presence of a local
maximum in the € radial profile, typically associated with a nearly
constant PA, is the signature of the bar. These behaviours are due
to the shape and orientation of the bar-supporting orbits of the x;
family (Contopoulos 1981; Wozniak & Pierce 1991; Aguerri et al.
2000).

The isophotal outer profiles allow to derive the geometrical
properties of the galaxy disc. We derive the disc € and PA for our
target galaxies from the constant isophotal profiles in the disc region.
By comparing the morphology of the galaxies from the NGVS i-
band images with the isophotal profiles, we visually identify the
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disc-dominated region, which is characterized by a constant ¢ and
PA, and possibly a change in the slope of the g—i colour. We define
the extension of the radial ranges by fitting the PA measurements
with a straight line and considered all the radii where the line slope is
consistent with being zero within the associated 1o error, following
Cuomo et al. (2019a). The disc € is the mean value calculated
adopting the same radial range identified for the disc PA. The 1o
errors are calculated for the disc PA and €. We derive the galaxy
inclination as i = arccos(l — €) assuming an infinitesimally thin
disc. The resulting values are reported in Table 2.

We calculate the g—i colours of the bar and disc. In particular, the
bar colour is given by the mean value within the bar region, identified
by projecting on to the sky plane the value of the mean bar length
Rpyr from Section 3.3 and assuming as PAy,, the value measured
at the location of the € peak produced by the bar, while the disc
colour consists in the mean value within the disc region identified as
described above. The resulting colours are reported in Table 2. Discs
are generally more metal-poor than the inner region hosting the bars,
therefore they have lower g—i colours (i.e. they are bluer; Carter et al.
2009) with respect to the bars.

3.3 Bar length and strength

We obtain the length of the bar semimajor axis, Rp,, by analysing
the i-band images from the NGVS. We apply three independent
methods to derive Ry, given the difficulty in identifying the bar
edges of the structure and to address the limitations and systematics
of each methodology (Combes & Elmegreen 1993; Rautiainen &
Salo 1999; Athanassoula & Misiriotis 2002; Cuomo et al. 2021).

First, we perform a Fourier analysis of the azimuthal luminosity
profile of the deprojected NGVS i-band image, as in Ohta, Hamabe &
Wakamatsu (1990), to get Rpayinterbar- 1he deprojection is obtained
by stretching the original image along the minor axis of the galaxy
by a factor equal to 1/cos i, where i is the disc inclination, and while
conserving the flux. The values of the disc PA and i are obtained
as explained in Section 3.2. We derive the azimuthal profiles of the
amplitude of the m = 0, 1, 2, 3, 4, 5, and 6 Fourier components
and the bar length is adopted to be the full width at half-maximum
(FWHM) of the luminosity contrasts between the bar, I, and
interbar intensity, vy, as a function of radial distance, defined as
Ibar = I() + Iz + 14 + 16 and Iibar = I() — Iz + 14 — I(, (Aguerrl et al.
2000). The upper and lower 1o errors associated with Ryarfinterbar are
obtained repeating the Fourier analysis using only one-half of the
image.

The second method measures R4, based on the profile of the
constant phase angle of the m = 2 Fourier component, ¢, (Debattista,
Corsini & Aguerri 2002). Following Buttitta et al. (2022), the position
where the ¢, changes by A¢, = 10° from the ¢, of the ellipse with
the maximum bar/interbar intensity value provides Rg,. We obtain
the radial profiles of the ¢, with the Fourier analysis described
before. The upper and lower lo errors associated with Ry, are
obtained identifying the radial region among with the values of ¢,
are consistent with 10° within the errors obtained from the Fourier
analysis.

The third approach measures Rps based on the analysis of the PA
of the deprojected isophotal ellipses (Debattista, Corsini & Aguerri
2002). Usually, the galaxy isophotes show a constant PA profile
in the bar and disc regions, with two different values, related to the
orientation of the bar and line of nodes, respectively. We adopt as Rpa
the position where the PA changes by APA = 5° from the PA of the
ellipse with the maximum € value (Cuomo et al. 2019b). The upper
and lower 1o errors associated with Rpy are obtained by identifying
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Figure 3. Isophotal analysis of the NGVS g- and i-band images of NGC 4483 (top panels) and NGC 4516 (bottom panels). For each galaxy we show the radial
profiles of the surface brightness (a) and g—i colour (b), PA (c) and € (d), and deviations from ellipses A3 (e), A4 (f), B3 (), and By (h). The vertical green lines
(panels a, c, d) mark the region of the disc used to derive the disc parameters, while the red line (panel a) marks the best-fitting disc surface brightness with the
solid portion corresponding to the region used to fit the disc exponential profile. The vertical red solid line marks the derived disc scale-length (panel a).

Table 2. Parameters from isophotal analysis. The bar region, i.e. the radial range between the shortest and

largest bar length estimates from the different methods, is marked

Galaxy disc PA disc i (8—1bar (8—Ddisc in panel (a) of Fig. 5 with two red ellipses. The measurements of
(deg) (deg) (mag) (mag) Rpar, their mean value, and corresponding errors are reported in

@ (@3] (3 “ (6)) Table 3.

NGC 4483 56.6+04 555403 1.014+0.044 0914 + 0.020 We estimate the contribution of the bar to the gravitational potential

NGC 4516 74+03 61.4+02 1.025+0.025 0.845+0.022 of the galaxies in our sample, which we term the bar strength,

Svar, using the Fourier analysis. In particular, we adopt the peak
of the ratio of the amplitudes of the m = 2 to m = 0 Fourier
components, as in Athanassoula & Misiriotis (2002) and Guo et al.
the radial region along which the values of APA are compatible with (2019). The corresponding lo errors are obtained by repeating the
5° within the errors from the ellipse fitting. Fourier analysis using the two half portions of the galaxy images,

as in Aguerri et al. (2015). This parameter allows to distinguish

Fig. 4 shows the three measurements of Ry, for the target galaxies.
We then calculate the mean value, Ry, from the three measurements between a strong (Sper > 0.4) and weak (Spar < 0.4) bar (Cuomo et al.

and adopt the lowest and highest deviations between Ry, and 2019b). )
measurements as upper and lower 1o errors on Ry, respectively. The values of S, are reported in Table 3.

Notes. (1) Galaxy name. (2) Disc position angle. (3) Disc inclination. (4) Bar
colour. (5) Disc colour.
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Figure 4. Bar length estimates from the NGVS i-band image of NGC 4483 (left panels) and NGC 4516 (right panels). We show the radial profiles of the
bar/interbar intensity ratio (a), phase angle of m = 2 Fourier component (b), and difference between the PA of the isophotes in the region of the € peak and the

bar (c). In each panel, the vertical line marks the corresponding Rpqr.

4 INTEGRAL-FIELD SPECTROSCOPY

4.1 MUSE observations and data reduction

The integral-field spectroscopic observations of NGC 4483 and NGC
4516 were carried out with the MUSE instrument of the ESO.
MUSE was configured in wide-field mode to ensure a FOV of 1 x 1
arcmin’ with a spatial sampling of 0.2 arcsec pixel™!. The MUSE
spectroscopic range covers 4800-9300 A with a spectral sampling
of 1.25 A pixel™! and an average nominal spectral resolution with
an FWHM = 2.51 A (Bacon et al. 2010). The observations were
performed between 2021 January and 2021 April and consisted
of a central pointing (~30 min) on the galaxy centre and two
off-set pointings along the galaxy major axis at a distance of 20
arcsec eastward (~30 min) and westward (~30 min) from the
galaxy nucleus, divided into three observing blocks for each object.
Each pointing was oriented along the disc PA, derived through a
preliminary analysis of Sloan Digital Sky Survey (SDSS) images
performed during the preparation of the observational proposal. The
observing nights were clear and the request of an FWHM seeing
<1.4 arcsec was mostly fulfilled.

We perform the data reduction as detailed in Cuomo et al.
(2019a), using the standard MUSE pipeline in the EXOREFLEX
environment (version 2.8.4, Weilbacher et al. 2020). It includes
bias and overscan subtraction, flat fielding, wavelength calibration,
determination of the line spread function, sky subtraction, and
flux calibration. The sky contribution is quantified using an on-
sky dedicated exposure. Then, we determine the effective spectral
resolution and its variation across the FOV, and produce the combined
datacube of the galaxy. The resulting sky-subtracted datacube is
characterized by a residual sky contamination, so we further clean
it using the Zurich Atmospheric Purge (zAP) algorithm (Soto et al.
2016).

4.2 Stellar kinematics and circular velocity

We measure the stellar LOS velocity distribution (LOSVD) of the
two target galaxies from the sky-cleaned datacubes using the Galaxy
IFU Spectroscopy Tool (GIST; Bittner et al. 2019), a modular pipeline
based on the PPXF and GANDALF routines (Cappellari & Emsellem
2004; Sarzi et al. 2006). The GIST pipeline makes use of the Voronoi
tessellation of Cappellari & Copin (2003) for spatially binning the
datacube spaxels to increase the signal-to-noise (S/N) ratio of each
spectrum and ensure a reliable extraction of the relevant kinematic
parameters. The S/N in each spaxel is obtained using the spectral
range centred on the absorption-line calcium triplet (CaT) at AA8498,
8542, and 8662 A. The instrumental velocity dispersion of oy =
3534 1.2 km s~! (Pizzella et al. 2018) is well-suited for measuring
the stellar kinematics in dwarf galaxies (e.g. Hunter et al. 2005;
Bidaran et al. 2020). We adopt a target S/N ratio of 40 pixel™! in
order to be able to measure stellar velocity and velocity dispersion
out to the spatial bins in the disc, while the spaxels mapping the
central regions remained generally unbinned since their S/N largely
surpassed the target value. We exclude from the fitting procedure
the wavelength ranges with a spurious signal coming from imperfect
subtraction of cosmic rays and residuals of the sky emission lines.

To derive the stellar LOS velocity and velocity dispersion maps,
we use the simple stellar population models based on the empirical
X-shooter Spectral Library (XSL; Verro et al. 2022), characterized by
a 0jngr ~ 15 km s~ in the optical range. The errors on the kinematic
parameters are estimated using Monte Carlo simulations and reach
maximum values of ~5 and ~15 km s~ for the velocity and velocity
dispersion, respectively. The best-fitting LOS velocity and velocity
dispersion maps are shown in the central panels of Fig. 5, while the
stellar velocity and velocity dispersion profiles extracted along the
disc major axis from the Voronoi-binned maps are shown in Fig. 6,
after being folded and deprojected along the galaxy disc.
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Figure 5. Stellar kinematics and bar pattern speed from MUSE data of NGC 4483 (top panels) and NGC 4516 (bottom panels). Panel (a): MUSE reconstructed
image. The white lines mark a few isophotes to highlight the orientation of the bar and disc. The red ellipses mark the radial range between the shortest and
longest bar length from the different methods used to derive Rpar. The green dashed ellipse marks the extension of the projected Rcor. The vertical red lines
show the location of the pseudo-slits adopted to derive Qpyr. The disc major axis is parallel to the vertical axis. The north and east orientations are marked
with white arrows. Panel (b): Map of the LOS stellar velocity subtracted of the systemic velocity. The value of Vi was derived using the spatial bins outside
the red ellipse. Panel (c): Map of the LOS stellar velocity dispersion corrected for instrumental velocity dispersion. Panel (d): Kinematic integrals plotted as
a function of photometric integrals measured using the spectral region of Mg I (black points) and CaT (grey points). The black/grey dotted lines represent the

corresponding best-fit to the data.

Table 3. Bar length and strength estimates.

GalaXy Rbar/imerbar R¢2 Rpa Rbar Rbar Sbar
(arcsec) (arcsec) (arcsec) (arcsec) (kpc)
M @ 3 @ ©) ©) (@)
0.58 2.5 0.2 0.001
NGC4483 31047500 26.7 + 0.4 27.8+0.2 28.5T32 22401 0.378" 000
NGC4516 293403 31.0%02 325402 309+ 1.6 2940.1 0.511002

Notes. (1) Galaxy name. (2) Bar radius from Fourier analysis. (3) Bar radius from ¢, profile. (4) Bar radius from PA profile. (5) Mean bar length in arcsec. (6)

Mean bar length in kpc. (7) Bar strength from Fourier analysis.

We derive the circular velocity V. from the stellar LOS velocity
and velocity dispersion in the disc region of our target galaxies using
the asymmetric drift equation (Binney & Tremaine 2008), as done
by Cuomo et al. (2019a). We select the spatial bins outside the bar
dominated region, which we identify by projecting Ry, to the sky
plane. We derive V. assuming the epicyclic approximation, where
we adopt the ratio of the tangential-to-radial velocity dispersion
components oy/or = 0.5 in the galaxy plane for a constant circular

MNRAS 527, 11218-11232 (2024)

velocity, as

2 1 2
V2 :(U—U-\[)z'f' ‘ R(G+L) !
circ Sys sin 12(1 + 2&2 cot 12) h a ’
)]

where R, vy, v, and o are the distance with respect to the galaxy
centre, galaxy systemic velocity, stellar LOS velocity, and LOS
velocity dispersion projected along the disc major axis, assuming
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Figure 6. Stellar kinematics extracted along the disc major axis of NGC 4483 (left panels) and NGC 4516 (right panels) from the Voronoi-binned maps after
being folded and deprojected onto the galaxy disc. Top panels show the stellar velocity deprojected on the disc plane. The horizontal black segments mark the
circular velocity (solid line) and the 1o error (dotted lines). The size of the segments mark the radial range used to derive V. The bottom panels show the
stellar velocity dispersion. In each panel, the approaching and receding side of the disc are marked as red and blue points, respectively.

the disc PA and i derived in Section 3.2, respectively. The disc
scale-length, A, is obtained by fitting an exponential law to the
surface brightness radial profile in the disc-dominated region for
each galaxy, identified as explained in Section 3.2, while the
corresponding 1o error is the associated root mean square error.
An exponential law for the stellar LOS velocity dispersion within
the disc is assumed as well, with a scale-length a. Moreover, « =
o ./og represents the ratio between the perpendicular and radial disc
velocity dispersion components, and is assumed to vary according
to the galaxy morphological type (Gerssen & Shapiro Griffin 2012).
In particular, we use ¢ = 0.85 £ 0.15 for NGC 4483 and o =
0.86 % 0.24 for NGC 4516, adopting the EVCC morphological types
(Table 1).

The 1o error on V. is calculated with a Monte Carlo simulation,
allowing i, h, and vy to vary with a Gaussian distribution centred
on the reference value and with a root mean square equal to the 1o
error of each parameter.

We check the reliability of our circular velocities by comparing
the V.. values with the prediction of the Tully—Fisher relation. The
Veire values of NGC 4483, NGC 4516, and IC 3167 are consistent
within the 3o scatter of the relation between the circular velocity and
absolute SDSS r-band magnitude calculated by Reyes et al. (2011)
for a sample of ~200 nearby SDSS galaxies, which covers the range
in magnitude of our dwarf galaxies (Fig. 7).

The derived disc scale-length & (Fig. 3), galaxy circular velocity
Vire» and maximum value of the stellar velocity from the flat rotation
curve projected on the galaxy plane, Vg, of our dwarf galaxies
are reported in Table 4. Low-mass galaxies are expected to have
low-stellar velocity dispersion. For our dwarf galaxies, the stellar
velocity dispersion in the disc region is between ~30 and 40 km s~!.
Therefore, the asymmetric drift correction is not large and the derived
circular velocity is only ~ 10 per cent larger than the deprojected
maximum stellar velocity Vg, (Fig. 6), in agreement with the results
of Corsini et al. (2007) for NGC 4431.
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Figure 7. Tully—Fisher relation for our dwarf barred galaxies (black squares)
and galaxy sample of Reyes et al. (2011) and Cuomo et al. (2019b; grey
points). The dashed line is the best-fitting relation from Reyes et al. (2011)
and dotted lines bracket the region of 30 deviation in log (Veirc)-

4.3 Bar pattern speed

We derive Qp,, using the TW method on a tracer population of
stars, which satisfies the continuity equation and assuming the bar
is rotating as a rigid body. The simple idea is to observe the surface
brightness and LOS velocity of the tracer along pseudo-slits located
parallel to the disc major axis. When both position and velocity
are measured with respect to the galaxy centre, then the luminosity
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Table 4. Kinematic measurements of the sample of galaxies.

Galax}’ h Viat Veire Qbar, Mg 1 Reor Reor Qbar, CaT Qbar
(arcsec) (kms™1) (kms™!) (km s~! arcsec™!) (arcsec) (kpc) (km s~ ! arcsec™!)  (kms~! kpc!)

M (2) 3) (4) (5) (6) @ (3) )

NGC 4483 19.69 £ 0.25 1409 +3.0 146 + 4 3.6+0.2 403+26 32+£0.2 37+0.2 452 +£2.8

NGC 4516 29.56 £ 0.71 98.2 £ 6.0 106 £ 12 2.0+0.1 539+ 6.0 43405 20£0.1 24.6 +£0.8

Notes.(1) Galaxy name. (2) Disc scale-length. (3) Maximum value of the flat stellar rotation curve. (4) Galaxy circular velocity derived from the asymmetric
drift correction. (5) Bar pattern speed derived from the spectral region of the Mg 1. (6) and (7) Bar corotation radius derived as Qpar, Mg 1/ Veire- (8) Bar pattern
speed derived from the spectral region of the CaT. (9) Reference value of the bar pattern speed derived from the spectral region of the Mg 1.

weighted mean velocity, (V), divided by the luminosity weighted
mean position, (X), is equal to Qy,,sin i, where i is the disc inclination.

Following Cuomo et al. (2019a), the values of (V) are obtained
collapsing for each pseudo-slit the datacube along the spatial direc-
tions and measuring the LOS velocity, Vi os, from each derived one-
dimensional spectrum using GIST, which is equivalent to measuring

_ Z(x,y) VLOSF(X, y)
Z(x,y) F(x,y)

where (x, y) are the single pixels in each pseudo-slit, and F(x, y)
is the corresponding flux measured in each pixel in the collapsed
data. The luminosity weight required in the original TW formulation
is calculated given the spaxels with higher signal give higher
contribution in the collapsed spectrum and consequently in the Vi og
determination of each pseudo-slit during the fitting procedure. The
1o errors on the kinematic integrals are estimated using a Monte
Carlo simulation, as described by Bittner et al. (2019).

Each (X) requires measuring the mean position of the stars by
collapsing the datacube along the spectral direction and weighting it
by the luminosity in each pseudo-slit, as

_ Z(x,y) F(x’ y)dISt(x7 )’)
Z(x.y) F(x,y)

where dist(x, y) is the distance of each pixel with respect to the centre
of the pseudo-slit.

For each galaxy, we define a suitable number of pseudo-slits
crossing the bar. We adopted a pseudo-slit width of 9 pixels (1.8
arcsec) to avoid seeing smearing effects.

To correctly derive Qu,,, in principle the pseudo-slits should have
an infinitely extended length. However, Merrifield & Kuijken (1995)
showed that it is possible to adopt a finite reference length, when
this is sufficient to map a symmetric contribution of the galaxy
disc along the pseudo-slits. This corresponds to identifying the
minimum pseudo-slit length when the integrals start to converge
to a constant value (Zou et al. 2019). We test the convergence of
the kinematic integrals as the radial region where their values are
constant taking into account the corresponding errors, and define the
pseudo-slit reference length. We then adopt the radial range along
which the convergence was demonstrated to define the 1o errors
on the photometric integrals, adopting the root mean square of their
values for each pseudo-slit, as done by Buttitta et al. (2022).

The photometric and kinematic integrals are measured within the
same wavelength range (e.g. Aguerri et al. 2015). A wavelength
window with no prominent emission lines should be used in order
to trace the signal of the stars. The wavelength range from 4800 to
5600 A and centred on the absorption-line magnesium triplet (Mg
1) at A5167, 5173, and 5184 A is first adopted, following Cuomo
et al. (2019a) and Buttitta et al. (2022). The kinematic integrals are
then derived using GIST and the MILES stellar library (Vazdekis et al.
2010), characterized by a FWHM = 2.3 A. Using the FITEXY routine

V) , @)

(X) , 3)
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in IDL, we fit the integrals with a straight line with a slope Qy,sini
(Fig. 5).

We then repeat the application of the TW method using the
region of the CaT to measure both integrals and obtained a second,
independent estimate of Qpay, cat, reported in Table 4. The two values
of the bar pattern speed measured for each galaxy are consistent
within 1o errors. We conclude that the results are stable regardless
of the selected wavelength range.

We adopt 2, measured in Mg I spectral range and the galaxy
circular velocity V. to derive R.,. These quantities are listed in
Table 4.

4.4 Bar rotation rate

We calculate R = Rcor/ Ryar for NGG 4483 and NGC 4516, assuming
the three different Ry, and the corresponding mean value Ry,
obtained in Section 3.3 and the galaxy circular velocity V.. We
provide four estimates of R, with the reference value assumed to
be the one for Ry,. Moreover, we adopt the maximum value of the
flat stellar rotation projected on the galaxy plane to derive the lower
limit of the bar rotation rate, Rg,. The 1o errors associated to the
different estimates of R were calculated performing a Monte Carlo
simulation, taking into account the errors on disc i, each Ry, value,
Qpar, and Ve (or Vp,). Moreover, we calculate the probability of
the bar to be ultrafast/fast/slow, according to the reference value of
‘R, performing a Monte Carlo simulation and assuming a uniform
distribution for Ry, and a Gaussian distribution for Q. and V..
All these results are reported in Table 5.

5 RESULTS

In this section, we present and discuss the results for NGC 4483 and
NGC 4516.

5.1 NGC 4483

NGC 4483 hosts a short (R, = 2.1 = 0.3 kpc) and weak bar (Sp,, =
O~378t8188}1)’ according to the classification criteria of Cuomo et al.
(2019b). The bar is associated with a clear peak in the PA profile,
and a boxy shape of the isophotes (peaking at B4 ~ —0.03). The bar
is embedded in an intermediate-inclination disc characterized by a
constant profile of PA and €, and discy isophotes (B4 ~ 0.01). The
(g—mu;) colour in the bar and disc regions is blue and increasing
outwards, while it starts decreasing at R > 80 arcsec (Fig. 3).

The stellar kinematics shown in Figs 5 and 6 reveals a maximum
of the LOS stellar velocity measured at v ~ 115 km s~'. The LOS
stellar velocity dispersion shows a central value of ~100 km s~!,
decreasing to ~30 km s~ in the disc outside the bar region.

We apply the TW method after defining 13 pseudo-slits cross-
ing the bar, with half length of 40 arcsec. The bar has Qp, =
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Table 5. Bar rotation rates for the sample of galaxies.

Galaxy Rbar/interbar R, Rea R Ultrafast/fast/slow Ritat
M @ (©) () ©) ©) M
0.03 0.04 0.09 0.10 0.10
NGC 4483 1.30% )0 15150 1.45%00 141401 0/52/48 1374504
0.09 0.09 0.09 0.10 0.10
NGC 4516 184100 174500 1667000 1757010 0/6/94 1627010

Notes. (1) Galaxy name. (2) Bar rotation rate assuming bar length Rya/interbar- (3) Bar rotation rate assuming bar length Ry, . (4)
Bar length Rpa. (5) Bar rotation rate assuming the mean bar length Ry, (6) Per cent probability of having an ultrafast/fast/slow

11227

bar. (7) Bar rotation rate assuming the mean bar length R}, and maximum stellar rotation velocity V.

452 + 2.8 km s~! kpc~'. This translates to R = 1.417]9, when
considering Ry,.. The nominal value of the bar rotation rate belongs
to the slow regime for all the different bar length estimates, while the
bar has a probability of being slow (fast) of 48 per cent (52 per cent).
When we adopt Vi, to derive the lower limit for the bar rotation rate,
we get Ry = 1.37f8;£.

The (X) and (V) integrals are nicely aligned, except for the three
central slits (Fig. 5) for both the adopted wavelength ranges. This
may be caused by the presence of a central extra component, rotating
at a different pattern speed with respect to the main bar (Corsini,
Debattista & Aguerri 2003; Meidt, Rand & Merrifield 2009). The
visual inspection and photometric analysis suggests this galaxy hosts
a barlens and/or nuclear stellar disc, which also causes the non-zero
value of the bar-interbar profile in the inner region of the galaxy
(Fig. 4).

5.2 NGC 4516

The isophotal analysis (Fig. 3) shows a peak in the € radial profile,
produced by the short (Rp,y = 2.3 = 0.3 kpc) but strong bar (Spy =
0.5170:03). The inner isophotes are boxy peaking at B, ~ —0.03
(R < 20 arcsec), given the presence of the BP bulge. The disc has
an exponential surface brightness profile (R ~ 60—80 arcsec) with
constant PA and € values, and an increasing blue g—i colour. In the
outer region of the galaxy (R > 80 arcsec), the g— i colour steepens,
whereas the PA and € remain constant.

The LOS stellar velocity reaches a maximum constant value of v =
85 km s~!. The LOS stellar velocity dispersion rises from ~30 km
s~! in the disc to 60 km s~! in the bar region. A weak o drop is
observed in the very central region (see also Méndez-Abreu et al.
2014; Portaluri et al. 2017), where the velocity dispersion drops to
~45 km s~! (Fig. 5).

The measurement of Qy,, is obtained defining 11 pseudo-slits with
half length of 40 arcsec. We find Qp,; = 24.6 & 0.8 km s~ kpc™!,
which leads to R = 1.75*(}0, obtained adopting Ry,. Moreover,

the bar is slow regardless of which of the four derived bar length
estimates is used. The lower limit Ry = 1.627010 is likewise in the
slow regime. The bar in NGC 4516 has a 94 percent (6 per cent)
probability of being slow (fast).

Faint spiral arms are associated with the bar in NGC 4516. These
spiral arms are therefore located well within the bar corotation radius
(see Fig. 5, bottom row, left panel), which can have some implications
on the orbits supporting them (Patsis & Tsigaridi 2017), but their
study is beyond the scope of this paper.

5.3 Relations among bar properties

We explore possible relations among barred galaxies with a direct
measurement of Qp, based on the TW method. In particular, we
compare the results from Cuomo et al. (2020, 2022), Buttitta et al.
(2022), and Garma-Oehmichen et al. (2022). In the following, we

discuss the bar properties of IC 3167 together with those of NGC
4483 and NGC 4516. The barred galaxy IC 3167 originally presented
by Cuomo et al. (2022) was observed within the same observational
campaign of NGC 4483 and NGC 4516. It is a lenticular galaxy with
stellar mass of M, = 1.2 x 10° M, (Roediger et al. 2017). The bar
of this galaxy is quite peculiar, since it has a remarkable lopsided
shape, as shown by the third sine Fourier coefficient peaking at B3
~ (.05 for the galaxy isophotes, and by the large values of the odd
components of the Fourier analysis. Using MUSE IFS and SDSS
i-band image, Cuomo et al. (2022) were able to characterize the bar
properties and apply the TW method. The bar in IC 3167 is slowly
rotating, with R = 1.703. Given the peculiar nature of this bar and
that IC 3167 is part of a group of galaxies in-falling in the Virgo
Cluster, the formation of the lopsided bar could be induced by the
ongoing gravitational interaction with the cluster or by an interaction
within the group of in-falling galaxies it belongs to.

We explore the relations previously studied by Cuomo et al. (2020)
between the main parameters of the bars (Ryars Sbars $2bars Reors and
R) and their host galaxies (Hubble type, M,, and Petrosian radius
Rpeiro). In particular, we consider galaxies for which the TW method
resulted in a Qy,, estimate with relative error <50 per cent, and we
compare previous results to those for our dwarf galaxy sample.

Fig. 8 shows the relations among bar and galaxy properties from
the literature, with 2, derived using the TW method, after excluding
bars with rotation rates consistent with the ultrafast regime. Dwarf
galaxies have shorter and weaker bars, despite being early-type disc
galaxies, which generally host long and strong bars (Erwin 2005).
Moreover, the bars in dwarf galaxies rotate with lower 2, and have
‘R mostly in the slow regime. Similar correlation to those observed
for the massive counterparts are observed when the bar lengths are
normalized by Rpeo-

We then explore the relation between R and galaxy stellar mass.
We adopt M, as a proxy of M,, since we do not have mass estimates
for all the galaxies in the literature (Fig. 9). Most of the analysed
galaxies from the literature are massive. Bars in dwarf galaxies tend
to rotate slower with respect to the other galaxies. When selecting
galaxies with AR/R < 0.5, a weak correlation appears (with a
Spearman rank correlation r > 0.2 and the corresponding two-
sided significance of its deviation from the null hypothesis p < 0.1).
However, the low-mass regime is still too poorly explored to derive
stronger conclusions.

To investigate the disc regions of our barred galaxies, we measure
the ratios between R o, and / and between Ry, and 4 to be compared
to their massive counterparts from the literature (Fig. 10). The bars
in dwarf galaxies are slightly larger than their disc scale lengths (1.0
< Rpy/h < 1.5), whereas the corotation radii is located further out
(Reor/h > 1.5). This result is different when compared to massive
galaxies, where most of the bars and corotation radii are confined
within or are close to their disc scale length (1.0 < Rpy, Reor/h <
1.5), with some exceptions in the weak bar regime (see Cuomo et al.
2019b, for a discussion).
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derived using the TW method. The points are colour-coded according to their value of R.
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small circles refer to results from the literature (Cuomo et al. 2020; Buttitta
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et al. (2022).
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Figure 10. Ratio between the corotation radius and disc scale length as a

function of the ratio between the bar radius and disc scale length for the dwarf

barred galaxies (stars) and massive barred galaxies (circles) from literature
(Cuomo et al. 2019b). The solid and dashed lines mark R = 1.0 and 1.4,

respectively.
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6 DISCUSSION

6.1 Issues related to bar length estimates

The correct identification of the extension of the bar is crucial to
derive the bar rotation rate and to compare observational results
to the predictions from simulations. As an example, the accurate
identification of Ry, was able to solve the problem of ultrafast
bars, which were observed through TW analyses, but which are
theoretically not permitted according to the stability of the stellar
orbits supporting the bar. Indeed, Cuomo et al. (2021) showed
ultrafast bars become actually fast when the bar length measurements
used to derive R are measured carefully.

However, the edges of bars are not always sharp and easy
to identify, given that these structures are often associated with
other components (such as rings, pseudo-rings and/or spiral arms).
Moreover, spiral arms are responsible for a large fluctuation of Ry,
on a dynamical time-scale depending on the strength of the spiral
structure and on the method used to measure it (Hilmi et al. 2020).

Various methods have been developed to derive Ry,. Each of
them is based on a photometric analysis of a galaxy image and
suffers from some limitations (see Corsini 2011, for a discussion). In
Section 3.3, we use three different methods to derive Ry,.. A Fourier
decomposition of the galaxy light, which has been largely tested
with N-body simulations and generally provide an error of 4 per cent
on Ry, (Athanassoula & Misiriotis 2002). However, this method
can be hampered by the presence of a non-axisymmetric disc and
strong spiral arms (Aguerri et al. 2000). Then, we analyse the profile
of the ¢, and PA of the deprojected isophotal ellipses, which are
quite constant within the bar region. However, the presence of a
prominent bulge may complicate the application of these methods
(Aguerri et al. 2005).

Other possible methods can be adopted as well (e.g. Méndez-
Abreu et al. 2012; Lee et al. 2020), each of them with its own
issues. As an example, the radial profile of € usually presents a local
maximum in the bar region, which traces the shape and size of the
stellar orbits supporting the bar, which has been used to derive the
extension of the bar (Wozniak & Pierce 1991). However, this method
underestimates the real Ry, because the peak in € is typically located
in a region within the bar end (Erwin & Debattista 2017). This is the
reason why we have decided not to use it, despite having being used
before (Aguerri et al. 2015; Cuomo et al. 2019b).

Given the difficulty in measuring Ry, for each galaxy analysed
with the TW technique, here we calculated the bar rotation rates
corresponding to each measurements of Ry,, and then the value
corresponding to the mean bar length, Ry, as usually done in the
literature. The derived rotation rates of the bars in NGC 4483 and
NGC 4516 turn out to be larger than 1.4 regardless of the method used
to derive Ry,;, except for the shorter Ry, measurement of NGC 4483.
These results translate into a probability of being fast/slow of 52/48
per cent for NGC 4483 and 6/94 per cent for NGC 4516 (Table 5).

6.2 Bar pattern speed using different wavelength ranges

Deriving the bar rotation rate using different wavelength ranges has
never been extensively tested. The application of the TW method
could give different 2y, when changing the wavelength range, as is
the case for Ry, and Sy, For these reasons, we have repeated the
measurements of 2y, using the CaT region centred at ~8000 A and
compared the results with the reference analysis obtained with the
Mg 1 region. We are able to do this test after performing a careful
sky subtraction in the MUSE datacubes. When residuals from the
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sky lines are still visible near the CaT lines, we properly mask them
before measuring the (X) and (V) integrals.

Our measurements of 2y, from the spectral region around Mg 1
and CaT are shown in the right panels of Fig. 5. For each galaxy, the
derived Qp,, from the two different wavelength ranges are consistent
within 1o errors. This suggests that the correct bar pattern speed
can be derived using the TW analysis regardless of the adopted
wavelength range, after excluding gas and sky emission lines. This
result may open the application of the TW method to measurements
from different spectrographs in different wavelength regimes.

6.3 Bar properties in dwarf galaxies

Bars have been generally thought to be rare in dwarf galaxies
(Méndez-Abreu, Sanchez-Janssen & Aguerri 2010; Méndez-Abreu
et al. 2012), but recent techniques have been developed to highlight
that they can host disc structures including bars (Michea et al. 2021).
The TW method has been applied to a few dwarf galaxies so far
(Corsini et al. 2007; Cuomo et al. 2022). This low number makes it
impossible to obtain strong conclusions on the formation of bars in
dwarf galaxies.

Our work is a first step towards a more complete characterization
of bars in dwarf galaxies, showing that the high quality of MUSE
data together with a careful photometric analysis allows to push the
application of the TW method to the low-mass galaxy regime.

The objects analysed here are lenticular or early-type spiral
galaxies and generally host short (Ry,, = 1—2 kpc) and intermediate-
to-weak (Spar = 0.3—0.5) bars. Their bar pattern speeds are low (Q2p,r
~ 30—45 km s~! kpc™!). The bar rotation rate is > 1.4 for IC 3167,
NGC 4483, and NGC 4516, with a probability of being slow always
larger than ~70 per cent for IC 3167 and NGC 4516. NGC 4483 has
an equal probability of being either fast or slow.

Bar pattern speed and rotation rates in dwarf galaxies tend to be
slower than in massive counterparts. The expected secular evolution
of bars within the lambda cold dark matter (ACDM) cosmology
suggests these structures should evolve by exchanging angular
momentum with the other components while slowing down due
to the dynamical friction exerted by the DM halo (Debattista &
Sellwood 2000; Athanassoula, Machado & Rodionov 2013). Both
these phenomena should slow down the bar pattern speed, pushing
the bar rotation rate towards the slow regime, while the bar grows in
length and strength. This seems to be the case for the analysed dwarf
barred galaxies.

Dwarf galaxies are expected to host centrally concentrated DM
haloes (C6té, Carignan & Sancisi 1991), which should slow down
the bar rotation through dynamical friction (Debattista & Sellwood
2000). Two out of three dwarf galaxies analysed here host genuine
slowly rotating bars, in agreement with the prediction of ACDM
cosmology. However, to robustly confirm this scenario, it would be
necessary to derive the DM content within the bar region as recently
done by Buttitta et al. (2023) for two massive barred galaxies.

Finally, both NGC 4483 and NGC 4516 show evidence of a BP
bulge in the inner part of their bars. BP bulges are expected to be
rare in such low-mass galaxies (Erwin & Debattista 2017) and to
be associated to a slowly rotating boxy bar (Chaves-Velasquez et al.
2017). Studying the properties of these structures will be useful
to characterize the orbit supporting them, and to understand the
mechanisms involved in their formation.

6.3.1 Environmental effects

Simulations suggest that bars are slow when the bar instability is
induced by an interaction (Martinez-Valpuesta et al. 2017; Lokas
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Figure 11. Phase-space plot of the Virgo Cluster. The cluster heliocentric
velocity Vyirgo = 1064 km s~ and velocity dispersion o virgo = 699 km g1
are taken from Binggeli, Sandage & Tammann (1985) and virial radius rp00 =
1550 kpc from Yoon et al. (2017). The circles mark the location of our dwarf
barred galaxies.

2018). In this case, the rotation rate remains larger than 1.4 for many
Gyr after the bar formation. Dwarf galaxies are more sensitive to
modifications induced by interactions given their shallow potential
well. Moreover, they are common in dense environments (Binggeli,
Sandage & Tammann 1985), making them the perfect candidates to
host slowly rotating bars. Cuomo et al. (2022) suggested that the
lopsided bar hosted in the dwarf galaxy IC 3167 could have been
induced by the interaction with the Virgo Cluster, given that the
galaxy is part of a group of galaxies falling in the cluster (Fig. 11).
Indeed, an interaction explains both the slow rotation rate and the
lopsided shape of the bar (Lokas 2021). NGC 4483 and NGC 4516
are located in the central virialized region of the cluster, residing
in region of intermediate projected surface density (Fig. 11). They
may have suffered interactions with other galaxies and with the
cluster itself. NGC 4516 hosts a bar with a high probability of being
slowly rotating: bar formation driven by interaction in this dense
environment is a plausible alternative explanation for the derived
properties of this bar (Byrd, Keel & Howard 1990; Valluri 1993;
Mastropietro et al. 2005).

6.3.2 Evolutionary effects

In massive galaxies, longer and stronger bars tend to rotate with
smaller Qy,; (see fig. 4 from Cuomo et al. 2020). The observed Qp,;-
M, anticorrelation is driven by secular evolution (see Cuomo et al.
2020 and Garma-Oehmichen et al. 2022 for a discussion). On the
contrary, dwarf galaxies in our sample present a Qy,,-M; correlation.
Given these galaxies are associated with low values of the circular
velocities, the observed correlation is probably driven by the Tully—
Fisher relation (Fig. 7).

Finally, the bars analysed here turned out to be large with respect
to the discs hosting them (with Ry, /h > 1). The corotation radii
are even larger (with R.,/h > 1; Fig. 10). On the contrary, most of
the massive galaxies with measurements of disc scale lengths have
both bar and corotation radii <(1.0—1.5)A. Simulated bars show that
they evolve by redistributing the angular momentum in galaxies,
evolving towards the slow regime (see e.g. Debattista & Sellwood
2000; Athanassoula 2003; Athanassoula, Machado & Rodionov
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2013). Using N-body simulations, Aguerri et al. (2023) showed that
a simulated bar is expected to increase both its length and corotation
radius with respect to the extension of the disc, being located in the
same region of the Ry, /h—R.o/h plot as the bars in dwarf galaxies
(see fig. 7 from Aguerri et al. 2023). In this context, slow bars,
which are also long with respect to the disc scale length, should be
more dynamically evolved with respect to fast and short bars. This
is a plausible explanation of the properties of the bars in the dwarf
galaxies we study.

7 SUMMARY AND CONCLUSIONS

In this paper, we present the characterization of the bars of the dwarf
galaxies NGC 4483 and NGC 4516. By considering IC 3167 too,
we discuss the properties of three dwarf galaxies with stellar masses
between 1.2 and 7.5 x 10° M, which are in different location within
the Virgo Cluster.

We perform a photometric analysis of NGC 4483 and NGC
4516 using the i- and g-band images from the NGVS to derive
the disc properties and identify the bars. Moreover, we apply several
photometric methods to derive bar length and strength.

‘We measure the stellar kinematic maps of the LOS velocity and
velocity dispersion using dedicated MUSE observations and derive
the galaxy circular velocity applying a simple dynamical modelling
based on the asymmetric drift correction. We then obtain the bar pat-
tern speed applying the TW method using two different wavelength
ranges (centred on the Mg I and CaT triplets, respectively) for the
MUSE data, showing the results are consistent between each other.

Given the bar length, pattern speed, and galaxy circular velocity,
we then calculate the bar rotation rate. The bar in NGC 4483 and
NGC 4516 have bar rotation rates in the slow regime, but we cannot
exclude the fast rotation regime for NGC 4483. We discuss our
findings including in the sample the lopsided bar in IC 3167. It was
originally included in the observational campaign, but it is already
analysed by Cuomo et al. (2022). We compare the properties of these
three dwarf barred galaxies with those of the massive barred galaxies
from literature.

In the following, we enumerate our main findings:

(1) Bars in dwarf galaxies are shorter, weaker, and slower (both
in terms of the bar pattern speed and rotation rate) with respect to
their massive counterparts. This may be in contrast with the expected
secular evolution of bars, where the structures are born short, weak,
and with large bar pattern speed and evolve towards long, strong,
and with small bar pattern speed. This could be due to a different
formation scenario of these bars. IC 3167 and NGC 4516 have bar
rotation rates in the slow regime, in agreement with a formation
scenario driven by interactions.

(i) We found that the bar rotation rates of dwarf galaxies are
larger than in more massive galaxies (i.e. slower rotating bars). Slow
bars are expected to be associated with centrally concentrated and
massive DM haloes, which slow down the bars through dynamical
friction. Despite dwarf galaxies being the perfect candidates to host
slowly rotating bars, testing this scenario would require a complete
dynamical modelling to derive the DM content within the bar region.

(iii) A weak correlation between the galaxy stellar mass and bar
rotation rate has been highlighted. However, the number of dwarf
galaxies explored so far with the TW method is still too small to
drive strong conclusions.

(iv) Our analysis shows that the application of the TW method
can be pushed towards the galaxy low-mass regime when a careful
selection of the targets is performed and dedicated MUSE data
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are analysed. This will be pursued with forthcoming observational
campaigns.
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